introduction
Diamond-like-carbon (DLC) films are extensively applied for protection against mechanical wear and corrosion of hard-drive surfaces. As the magnetic spacing continues to shrink toward 10 nm, the DLC film thickness has been reduced from 10 nm to ~ 2 nm on magnetic heads and disks since 1994. The deposition methods have also evolved from sputtering, CVD, and ion beam, to filtered cathodic arc technology. The performance of these films is influenced not only by the allotropic composition of the film, but also by their distribution throughout the film thickness. The primary concerns of DLC applications at the nanometer level are its mechanical robustness, film integrity, and thermal stability. The mechanical robustness is normally characterized by its density, hardness and elastic modulus. The thermal stability of DLC films is an important aspect for its tribological applications. DLC films are usually applied to prevent wearing against other surfaces of materials. For example, when a magnetic head flies above a magnetic disk, the fly height is set to approximately 1 nm. The contact of two surfaces at a higher rotation speed usually leads to localized heating, which could change the structure of their DLC coatings. The sp 3 /sp 2 ratio holds a strong correlation with these properties. However, the film integrity and thermal stability could also be affected by many process conditions and nature of the carbon bonds. Studying the structure-property-performance relationship of DLC nanofilms becomes increasingly a challenge and more relevant for the data-storage industry.
There are many methods reported to assess the sp 2 -sp 3 character of thin carbon films (see Table 1 ). In some previous studies the sp 2 -sp 3 character of carbon films was assessed by employing photoelectron spectroscopy.
1 NEXAFS (near X-ray absorption edge fine structure) and EELS (electron energy loss spectroscopy) are particularly sensitive because they probe the absorption edge. 2 A very noticeable difference between the absorption edge of graphite (285.5 eV) and diamond (289.5 eV) arise from the dissimilarity of their electronic structures. Graphite has a p* antibonding empty band to which the C 1s photoelectron can hope in. In contrast, the first allowed transition for diamond is to an exciton. Although the resolution of NEXAFS is slightly better, EELS has an advantage that the electron beam can be focused to a few angstroms, which is applicable to cross-sectional studies of nanofilms. Angle-resolved X-ray photoelectron spectroscopy (ARXPS) combines both chemical and depth resolution. 4 The take-off angle dependence of the peak intensity provides structural information because a larger slope indicates a deeper location. It is especially suitable for films of a few nanometers thick, precisely when it becomes difficult to apply some other techniques. ARXPS provides an independent means to identify the physical origin of different peaks; it can be identified not only from the peak chemical shift, but also from the take-off angle dependence of the peak area. Through a proper analysis, ARXPS makes it possible the quantitative assessment of the thickness and composition (allotropic content) of the different layers constituting the films, including the layer formed at the C/Si interface. The structure of 3 nm and 15 nm diamond-like carbon films, grown on Si(001) by filtered cathodic arc, was studied by angle-resolved X-ray photoelectron spectroscopy (ARXPS) and transmission electron microscopy (TEM). The ARXPS data was deconvolved by employing simultaneous-fitting, which allowed for a clear deconvolution of the Si 2p and C 1s spectra into their different chemical contributions. An analysis of the take-off angle dependence of the peak intensities allowed for an independent identification of the physical origin of the chemical species. It was shown that the C 1s peak at 283.3 eV and the Si 2p peak at 99.6 eV correspond to SiC, and that the C/Si interface of the 3 nm film consists of a stoichiometric ~1 nm SiC layer. To quantify the sp 3 -sp 2 ratio it was necessary to take into account not only their associated C 1s XPS-peak intensities, but also their take-off angle dependence. The thickness of the films obtained through ARXPS closely agrees with cross-sectional TEM images. experimental Thick (~15 nm) and thin (3 nm) DLC nanofilms were prepared in Hitachi GST Lab using filter cathodic arc deposition (FCA) on Si(001) wafers. The Si wafers were pre-etched with ion an beam before the film growth to remove the native oxide. The films were processed under ambient temperature employing a graphite cathode. The system base pressures were below 2 × 10 -7 Torr and the process pressures were in the vicinity of 10 -4 Torr. No-bias was applied to the substrates. The density (2.9 g/cm 3 ), hardness (50 GPa), and hydrogen content (0%) were measured in similar films although 300 Å thick.
TEM images were acquired in an apparatus model JEM-2200FS. The samples used for the TEM experiments were obtained in a focused ion beam apparatus Model JEM-9320FIB. Topographic analyses were conducted using AFM to verify the integrity of the carbon nanofilms (multimode scanning probe microscope from Veeco Instruments). AFM images for these samples are reported elsewhere. 6 The experimental setup and the analysis method for the ARXPS data are described elsewhere. 7 For each sample, high resolution XPS data were obtained for Si 2p, C 1s and O 1s for six different take-off angles: 25 , 35 , 45 , 55 , 65 and 75 (in this work 90 is defined as normal to the sample surface). A second set of samples were annealed at 300 C for 10 min under ultra high vacuum prior to ARXPS measurements. As shown below, annealing caused the desorption of the hydroxyls and adventitious carbon. A comparison of the results for the annealed and unannealed samples provided information about the thermal stability of the carbon species in the film. ARXPS data were obtained with an omicron nanotechnology system (analyzer Model EA 125) with a monochromatic Al Kα1 source. A pass-energy of 10 eV was employed enabling high-resolution binding energy studies. The forward focusing effects were minimized by employing the high magnification mode of the electron analyzer, which employed a large acceptance angle (16 ) .
The deconvolution of the photoelectron spectra was done robustly through the simultaneous peak fitting of the data for all angles. 8, 9 The software used for this analysis is AAnalyzer ® ; 10 it employs an algorithm that makes full use of the change of the shape of the spectra due to the differential contribution of the components for the different angles. The background employed was Shirley-type and the curves employed were Voigt-type. While the Lorentzian width was fixed to known values for each core level, the center and the Gaussian width of each photoelectron peak were obtained by fitting the data for all the angles simultaneously, allowing these parameters to vary freely. It is important to stress that no preconceived values for the peak centers and Gaussian widths were imposed. The chemical identification of each peak was done a-posteriori.
results and discussion Figure 1 shows a TEM image of the 15 nm thick carbon film. Previous NEXAFS studies on similar samples have indicated that the atomic structure of most of the film is of the sp 3 type.
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The XPS survey scan for the 10 nm FCA-C carbon film does not show any signal from the silicon substrate since the carbon film is thick enough to completely attenuate it. Only oxygen and carbon are detected. The C 1s XPS data is shown in Fig. 2a .
The deconvolution of the data was done by employing simultaneous-fitting. 8 It has been proven that, through this method, it is possible to robustly identify the center and width of the different peaks. It has lower sensitivity to noise than the traditional methods, which are based on sequential fitting. 9 The association of the 285.2 eV peak to sp 3 and of the 284.4 eV peak to sp 2 , both found in the 15 nm sample, was done from the combination of a series of criteria. The take-off angle dependence of the peak at 285.2 eV indicates that it originates from deeper within the film than the peak at 284.4 eV. 4 In addition, its intensity is larger. From these two characteristics it can be inferred that the 285.2 eV component represents most of the carbon in the film (visible to XPS), and that the 284.4 eV component is mostly at the surface. Since the NEXAFS data 11 indicate that the film is mostly sp 3 , it can be concluded that the 285.2 eV component corresponds to sp 3 . From similar data on plasma-grown carbon films, where EELS studies showed that the main component is sp 2 , the XPS peak component at 284.4 eV was associated with sp 2 . These values for the binding energies of sp 2 and sp 3 C 1s are in accordance to previous XPS studies. 12 Figure 2b shows the same data but for a 3 nm carbon film. The centers of the two larger peaks are identical, within the experimental error, to those obtained for the 15 nm film. In this case the contribution of the sp 2 component is larger. The takeoff angle dependence of the three main C 1s components of the 3 nm film is shown in Fig. 3 . The slopes corresponding to the sp 2 and sp 3 components are close to each other, indicating that their depth profile is similar. Another important difference from the 15 nm sample is the emergence of a small peak at 283.3 eV in the 3 nm sample. Its presence is more obvious in the fit shown in the insert of Fig. 3 for the spectrum corresponding to 75 . From its larger relative slope, it is clear that the C 1s peak at 283.3 eV originates from a chemical species located deeper into the film than the sp 2 and sp 3 carbon. The association of the 283.3 eV C 1s peak to a carbon chemical species located at the interface was done because its XPS signal is missing for the thick sample (Fig. 2a) and, most importantly, because the take-off angle dependence of its intensity corresponds to a depth similar to the interface. Moreover, it was possible to determine a specific compound related to this peak. The 283.3 eV component was a posteriori associated with silicon carbide (SiC) because of the existence of a Si 2p component (at 99.6 eV) sharing the same depth-profile behavior and, as the quantitative analysis yielded, the same atomic density. The association of the 283.3 C 1s component to SiC has already been suggested in a previous work. 12 This leads us directly to the Si 2p XPS data of the 3 nm film, which is shown in Fig. 4 . The noticeable change of its shape with angle provides very valuable information that can be exploited, employing a proper data-analysis method, to attain a robust fit. Through simultaneous analysis it was possible to deconvolve the data into three main peaks, one associated with the silicon substrate (99.4 eV), another with SiC (99.6 eV), and with a third component ("D" at 100.5 eV) that appears to be dissolved in the carbon layer (see discussion below). As Fig. 2 a) C 1s XPS data for a 15 nm carbon film annealed at 300 C for 10 min under UHV. The spectra are composed mostly by two peaks, one associated with sp 3 and the other with sp 2 . The insert shows the take-off angle dependence of the intensity of these components for the annealed sample. b) Same data but for a 3 nm film. Fig. 3 Take-off angle dependence of the three main components of the C 1s spectra of the 3 nm film. Fig. 4 Si 2p data for a 3 nm film annealed at 300 C for 10 min under UHV. The contribution silicon oxide and suboxide is, although present, very small. mentioned above, the association of the component at 99.6 eV to SiC was suggested because its take-off angle dependence is consistent with a depth similar to the 283.3 C 1s component (at the C/Si interface) and because the conformation of a layer made up of these silicon and carbon components (99.8 eV Si 2p peak and 283.3 eV C 1s peak) yields to stoichiometric silicon carbide (SiC1.05±7%). In this way, the identification of the physical origin of the 99.8 eV Si 2p peak and the 283.3 eV C 1s peak as an interface SiC layer was done combining information of the chemical shift with the quantitative dependence of the take-off angle dependence of their peak intensities. Although some intermixing of C atoms into the Si substrate was expected, the existence of a stoichiometric SiC layer at the interface was surprising.
It should be mentioned that there is a very small contribution from silicon oxide and suboxide to the Si 2p spectra. Those signals were employed to quantify the uncovered area susceptible to corrosion (pinhole density) in the same set of samples used in this study. 6 The O 1s data for the 3 nm film is shown in Fig. 5 . Each one of the three chemical components shows a particular behavior with the thermal treatment applied in UHV. The most obvious is associated to desorption of the component at 532.2 eV upon annealing. This component is most likely due to hydroxyls.
The peak at 532.9 eV apparently increases its intensity with annealing; however, this is accompanied by a change in its take-off angle dependence. A detailed analysis revealed that the increase on the signal is due to a migration of that component to the surface. In fact, the total amount is, to some extent, reduced upon annealing. The intensity of the peak at 531.5 eV decreases slightly with annealing. The behavior of the O 1s XPS components for the 15 nm film is identical (not shown). In fact, the O 1s peaks were employed to correct for binding energy shifts due to charging.
The thickness and composition of the carbon layer and the interface layer of the 3 nm sample was assessed from a thorough analysis of the take-off angle dependence of the intensity of all the XPS peaks mentioned above. The task was done by employing the multilayer model (MLM), 4, 13 which has been successfully employed, among others, to quantify the diffusion of nitrogen 7 and lanthanum 14 in HfO2/SiO2/Si stacks. The basic equations of the model are described elsewhere. 7, 13 They correspond to a theoretical prediction of the take-off angle dependence of the photoelectron signal from the atomic species constituting a series of layers with abrupt interfaces (correcting for the electron analyzer transmission function, for the photoelectron cross section, and for the electronic transport within the different layers). Instead of attempting to extract the depth profile from the ARXPS data (as in other analysis methods such as maximum-entropy), 15, 16 the goal of the calculations under the MLM is to assess the parameters of the structure (thickness and composition of the various layers) that are consistent with the ARXPS data. In contrast to regularization methods, MLM is very robust against noise because the number of parameters to be determined is minimal. MLM easily allows for the incorporation into the calculations of extra information, such as the (known) atomic density of the compound constituted by the species in each layer. This extra condition further improves the robustness of the method against, for example, uncertainties associated with the effective attenuation lengths.
The software employed was XPSGeometry ® which, besides employing the MLM equations, predicts the peak area as a function of angle by also accounting for the geometrical parameters of the XPS instrument, such as the size and shape of the X-ray and analyzer focal spot. 13 The software naturally incorporates into the calculations the different effective attenuation lengths (EAL) as the electrons travel throughout the various layers in the film. This is of special importance since, as shown in Table 2 , the EAL depends strongly upon the material through which the generated photoelectrons travel. These electron transport parameters were calculated employing the Tanuma-Powell-Penn method 17 through the NIST data base 82. 18 To apply MLM it is necessary to propose a structure based on the qualitative behavior of the peak intensities (as a function of the take-off angle). As mentioned above, the take-off angle dependence of the C 1s peak at 283.3 eV and the Si 2p peak at Fig. 5 O 1s XPS data for a 3 nm film obtained at various angles for a) no annealing and b) annealed at 300 C for 10 min in UHV annealed sample. The three peaks composing the spectra exhibited a different behavior with the thermal treatment. The inserts plot their area as a function of the take-off angle. The peak at 532.2 eV, which is mostly removed upon annealing, is consistent with oxygen in hydroxyls. The change of slope of the peak at 533 eV caused by annealing is consistent with diffusion of this specie towards the surface.
99.6 eV suggested that they originate from C and Si atoms sharing the same depth. For this reason, an interface layer to accommodate these two components was added into the proposed structure. Further quantitative analysis indicated that the composition of this layer corresponded to stoichiometric SiC. The one-to-one atomic correlation between these two components was also present in other samples grown with FCA and in samples grown by other techniques. Once the compound was recognized, the electron effective attenuation lengths for this material were employed in the calculations (Table 2) . In this sense, the calculations were done self-consistently since the numerical values of the EALs correspond to the materials found by the analysis. The thickness of the carbon and interface layers, as well as the amount of adventitious carbon and oxygen on top surface, was adjusted so as to better reproduce the data. The solid lines in Fig. 6 correspond to the prediction of the MLM assuming the structure shown in Fig. 7 . The uncertainty on the layer thicknesses is of the order of 5% and on the compositions of the order of 7%. Even though the structure has only few parameters to adjust (thickness of the interface layer, thickness of the carbon layer, and thickness of the adventitious carbon and oxygen), it is remarkable how close the experimental data (symbols in Fig. 6 ) could be reproduced for all of the chemical species detected in the film. The structure is consistent with TEM images obtained from this sample (Fig. 8) . Although the boundary between the Si substrate and the carbon film cannot be uniquely discriminated from the images, it is clear that the total width of the film is around 4.5 nm, which is precisely the total thickness assessed from the ARXPS analysis.
It is also remarkable that the calculated composition of the interface layer is within the uncertainty of stoichiometric silicon carbide. It should be noticed that the intensity of the peaks associated with SiC is small because their signals are attenuated by the carbon layers above it. Its existence could be easily overseen if a lower XPS resolution (higher pass energy) had been employed or if the data had not been fitted simultaneously. The take-off angle dependence (Fig. 6 ) of the Si 2p component D (Fig. 4) is consistent with silicon atoms contained within the carbon layer. In some other samples grown with other techniques this component is much smaller. In those cases its signal noticeably increases with annealing, which is in accordance to the thermal transport of dispersed atoms. Fig. 6 and compared with the experimental data. The thicknesses of the adventitious carbon layer are written in parenthesis to indicate that, since they represent less of a monolayer, do not correspond to actual, but rather to averaged thicknesses. Fig. 8 TEM image of the 3 nm carbon film. It is noteworthy that the total thickness of the film corresponds to the total thickness of the film of the structure depicted in Fig. 6 .
conclusions
The structure of carbon films (3 and 15 nm) grown through FCA on Si(001) was characterized in detail through ARXPS. By employing simultaneous peak fitting analysis, it was possible to clearly distinguish the contributions to the C 1s spectra from adventitious carbon, carbon in the sp 2 configuration, carbon in the sp 3 configuration, and carbon in SiC. From the Si 2p spectra it was possible to clearly differentiate the contributions from the silicon in the substrate, silicon in SiC, silicon intermixed in the carbon layer, and oxidized silicon.
The interface of the 3 nm carbon film consists of a silicon carbide layer with a thickness slightly exceeding 1 nm. This layer is stoichiometric within the experimental error. It was possible to establish that the associated binding energies of SiC nanofilms are 99.6 eV for Si 2p and 283.3 eV for C 1s.
The allotropic component of the 15 nm sample was mostly sp 3 (binding energy of 285.2 eV) with some sp 2 component (binding energy of 284.4 eV) near the surface. This conclusion could be reached only after analyzing the take-off angle dependence of the associated C 1s XPS peaks; building the analysis solely on the peak intensities would have yielded an incorrect conclusion. The clear deconvolution of the C 1s spectra into the sp 2 and sp 3 peaks suggests that the film is composed of well defined sp 2 and sp 3 domains, with only small contribution form the grain boundaries to the XPS signal. The sp 3 /sp 2 ratio decreases significantly as the carbon thickness decreases, which is a consequence of the sp 3 /sp 2 nature of the near-surface. The 3 nm film is a combination of sp 2 (~55%) and sp 3 (~45%) across the carbon layer. The ARXPS results indicate that the overall structure of these FCA films is stable under vacuum annealing.
A silicon species (Si 2p peak 100.4 eV) was identified as a component dispersed within the carbon layer. Its behavior with annealing indicates that its transport is thermally activated. Further theoretical studies are required to understand its binding configuration. An oxygen species (O 1s peak at 533 eV) coexists within the carbon film but is expelled with vacuum annealing. This suggests that the associated O-C interaction is not thermodynamically favored in the middle of the carbon layer, and that the surface offers better trapping sites for O atoms. It is noteworthy that, even though the employed model consisted of a series of layers with abrupt interfaces, it was possible to recognize and quantify these intermixing phenomena.
The simultaneous fitting of the XPS data was essential for a robust identification of the different peaks composing the spectra. Also essential was the high resolution and statistical quality of the XPS data. The analysis of the take-off angle dependence of the peak intensities was made by employing MLM. In contrast to other ARXPS analysis methods, MLM allows for an assessment of the composition of the layers constituting the film. This allowed for determining the stoichiometric nature of the SiC interface layer.
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